Introduction
[2] The tropical eastern North Atlantic off northwest Africa belongs to the less investigated regions in the North Atlantic. The neighboring countries did not had the economic power to carry out large scale physical oceanography investigations, while the European and American countries did preferably work in the subpolar and subtropical gyre as well as in the western tropical Atlantic. Recent climate variability investigations unrevealed that droughts and epidemics in West Africa as well as precipitation in Europe are significantly correlated on time scales of several years with sea surface temperature (SST) variations in the eastern tropical Atlantic. An analysis of Foltz et al. [2003] has shown that the relevant anomalies of the equatorial SST are significantly influenced by oceanic processes. Processes involved are advection, meridional and zonal current divergence and vertical entrainment. Intraseasonal variability by tropical instability waves and the connected eddy fluxes also play a role for the stratification and circulation in this key region. Hence, the eastern North Atlantic off Northwest Africa will become an important region with regard to climate change investigations in the future.
[3] Different oceanographic regimes exist in the tropical eastern Atlantic. In the open ocean north of the Cape Verde Islands there is the North Equatorial Current (NEC) as southern part of the subtropical gyre. In this region subduction takes place, while near the coast of Mauritania and Senegal as well as in the Guinea Dome south of the Cape Verde Islands upwelling appears [e.g., Schott et al., 2004] . In the equatorial Atlantic there is a permanent tropical circulation that is composed of several zonal current and countercurrent bands of small vertical and meridional extent compared to the subtropical gyres [e.g., Stramma et al., 2003 ]. The equatorial current system including the North Equatorial Countercurrent (NECC) and the North Equatorial Undercurrent (NEUC) forms the southern part of a tropical gyre. According to the ventilation concept, the renewal of water masses in the main thermocline is archived by isopycnal advection and subduction. According to ventilation models [e.g., Luyten and Stommel, 1986] , an unventilated shadow zone lies to the southeast of the subtropical gyre and is not ventilated from the north [e.g., Siedler and Onken, 1996] .
[4] The water mass characteristics in the North Atlantic tropical gyre are dominated by low oxygen zones in the central water as well as in the Antarctic Intermediate Water layer. Changes in the oxygen content are subject of speculation, which might lead to changes in the biogeochemistry, in local fishery catches but may be also interact with climate changes. In biological observations the oxygen minimum zone represents a major oceanographic boundary for many species [Levin, 2003] .
[5] In this paper the main focus is on the low oxygen layer in the tropical North Atlantic south of the Cape Verde Islands in the Guinea Dome region and the supply of water to the eastern Atlantic by the zonal current bands. For the large scale interaction some additional information from the region north of the Cape Verde Islands is included. Therefore, the area of investigation reaches from the equator to 28°N and from 10°W to 32°W (Figure 1 ). This region comprises the central tropical North Atlantic, the Guinea Dome and the southeastern subtropical gyre.
[6] Here we report on recent current measurements and hydrographic observations as the tropical eastern Atlantic off Northwest Africa receives increasing interest due to the relevance of the region for climate variability as well as biogeochemical changes. We combine the observations with earlier results and compare them with numerical computations to better understand the upper ocean circulation and water mass distribution in the eastern tropical North Atlantic.
Material and Methods
[7] The R/V Meteor cruise M55 was made from Curacao in the Caribbean (12 October 2002) to Duala, Cameroon (19 November 2002) . The Meteor expedition comprised a transAtlantic section from west to east along about 10-11°N, together with a short, mid-ocean meridional excursion to the equator. The return leg from the equator to 11°N was located at about 24°W (Figure 1 ). On this leg at 5°N the date changed from October to November. The major research interest were biogeochemical investigations [Wallace and Bange, 2004] , however also mainly shallow (<650 m) CTD casts were made as well as continuous shipboard ADCP measurements. The CTD casts have wide station spacing. The hydrographic data were used to compute the isopycnals. These isopycnals don't show large depth variability, hence, the derived ADCP transports between isopycnals should not be affected much by the station spacing of the hydrographic stations.
[8] The velocity distribution in the upper ocean was measured during R/V Meteor cruise M55 with a 75-KHz phased-array ADCP named Ocean Surveyor (OS) used for underway measurements of upper ocean currents. The OS ADCP collected single ping data with a vertical resolution of 8 m, with a ping interval of about 2.2 s. The ADCP data have been calibrated for sensitivity and for misalignment between the ADCP axis and the axis of the ships compass. For calibration basically the methods explained by Joyce [1989] were used with some modifications described by Schafstall [2003] . After calibration the single ping data have been averaged to 10 minutes ensembles, which were used to calculate velocity sections on an equidistance grid with horizontal resolution of 0.1°. Due to the fact that the first reliable depth cell was from 22 m the velocity closer to the surface was estimated by linear extrapolation based on vertical gradients between bin 1 (22 m) and 3 (38 m).
[9] Additional hydrographic surveys were used. The R/V Oceanus cruise at about 27°W was carried out in August 1988 and the CTD stations of this cruise are used to present the meridional salinity distribution. Almost exactly at the same locations of the R/V Oceanus cruise a repeat cruise by R/V Ron Brown was made in July/August 2003 and the upper 300 m of the shipboard ADCP-data were made available in the CLIVAR and Carbon Hydrographic Data Office. Finally, also the ADCP section of the R/V L'Atalante cruise at about 7°30 0 N in February and March 1993 was included (Table 1) .
[10] Several APEX floats were deployed in March/April 2000 in the tropical western Atlantic at 35°W. The APEX floats were programmed for a nine day duty cycle with parking depth of 200 m. After drifting at the duty depth for 9 days the floats descend to 1500 m, measure a profile of temperature and salinity on their way up to the surface and transmit their position and the profile data via ARGOS during a surface drift of approximately 14 to 20 hours. One float, which still was operating in August 2005, had drifted from the equator at 35°W to the Guinea Dome and is used in this presentation.
[11] The observational data were also compared to numerical model simulations based on FLAME (Family of Linked Atlantic Model Experiments). As a conceptual and technical framework for studying various aspects of the Atlantic Ocean, FLAME builds on the type of ocean model as used in CME (Community Modeling Effort [Bryan and Holland, 1989; Böning and Bryan, 1996] ) and DYNAMO [Willebrand et al., 2001] . The numerical code used is based on GFDL's (Geophysical Fluid Dynamics Laboratory) Modular Ocean Model MOM2.1 [Pacanowski, 1995] , but has experienced numerous modifications. The currently used code is SPFLAME (www.ifm.uni-kiel.de/fb/fb1/tm/ data/pers/ceden/spflame/index.html), a derivative of the original MOM/FLAME code (by C. Eden).
[12] The model domain covers the North Atlantic between 18°S and 70°N, 100°W and 16°E. The horizontal resolution is 1/12°and the 46 vertical levels have a thickness of 10 m near the surface and 250 m in the depth. The model is forced by monthly mean ECMWF wind stress and heat fluxes [Barnier et al., 1995] . The spinup starts from the Levitus climatology [Boyer and Levitus, 1997] for 9 years. The shown output is from year nine. The northern and southern boundaries are open boundaries. In the north the inflow streamfunction is given by an Arctic model, in the south the streamfunction is given by the Sverdrup relation. For a detailed description of the implementation of the open boundaries in this model, see Czeschel [2004] . The Mediterranian Sea is included west of Corsica/Sardinia. Its eastern boundary is realized as a sponge zone with a strong restoring (3 days) to the Levitus climatology. The surface boundary conditions are also given by restoring to the Levitus climatology. The model uses isopycnic mixing [Redi, 1982] , biharmonic viscosity and a stability dependent vertical mixing and diffusion scheme after Cummins et al. [1990] . The used mixed layer scheme is from Kraus and Turner [1967] .
[13] To supplement the hydrographic observations, satellite altimeter data as well as a hydrographic climatology were used. The altimeter data are the merged data set of Ssalto/Duacs delayed time map of sea level height for November 6, 2002. The low oxygen in the shadow zone is shown by a mean distribution taken from the WOCE Global Hydrographic Climatology [Gouretski and Koltermann, 2004] .
Background Information
[14] Unresolved questions exist for the eastern tropical Atlantic with regard to direct observations and the strength of the Guinea Dome and the oxygen inflow to the low oxygen layers by the zonal equatorial current system. To better understand the results derived here for these unresolved questions some background information from literature for the tropical northeast Atlantic is presented first. The seasonal cycle of the surface currents reflects the responses to the seasonally varying wind fields related to the migration of the Intertropical Convergence Zone [e.g., Stramma and Schott, 1999] . Hence, the atmosphere-ocean interface is of major importance for changes related to climate variability.
[15] In the tropical-subtropical Atlantic, the water masses subducted in the eastern subtropics and inserted into the thermocline by Ekman pumping are characterized by a potential vorticity (PV) minimum [Schott et al., 2004] . The Ekman upwelling associated with the Intertropical Convergence Zone (ITCZ) brings stratified waters with higher PV into the density range of the subducted waters, causing them to make a westward detour around this barrier on their way south [Zhang et al., 2003] . From available near-surface drifter data Grodsky and Carton [2002] found that water which upwelled in the Atlantic cold tongue follows multiple pathways back into the subtropics, but not directly to the subduction zones. Thus the subtropical cells are open to extensive influence from, and exchange with, the subtropical and mid-latitude ocean.
Atmosphere-Ocean Interface
[16] The Atlantic ITCZ shows a marked seasonal migration, moving from its most near-equatorial position during February at about 6°N off Africa (Figure 1 ) to its most northern location near 15°N during August [Molinari et al., 1986] . This leads to a variable wind forcing field in the tropical Atlantic north of the equator. At the eastern boundary of the tropical North Atlantic north of the ITCZ the trade winds have an equatorward component, which leads to an offshore Ekman transport. As a result the sea surface is lowered at the coast. The corresponding zonal pressure gradient supports a geostrophic flow towards the equator. The water removed from the coast has to be supplied from below in a narrow region close to the coast. In addition to the zonal pressure gradient produced by the Ekman transport, a meridional pressure gradient must exist caused by a poleward undercurrent [e.g., Hagen, 2001 ] to support the supply of water for the upwelling process.
[17] Atmosphere-ocean exchange takes place at the sea surface and changes at the sea surface might be related to climate variability. The variability in the south-eastern North Atlantic was investigated from satellite derived sea surface temperature (SST) records [Borges et al., 2004] . The dominant signal found was the annual cycle with 70% of the SST variance in the region near the Canary Islands, 60% off Mauritania and Senegal and 40% west of the Cape Verde Islands. The second dominant signal is a semi-annual cycle. The semi-annual cycle is responsible of making short springs and long autumns.
[18] In the tropical Atlantic, especially on the western side, wave phenomena become important in the observed velocity distributions. The annual cycle in the wind curl field is at maximum north of the equator and leads to the generation of annual off-equatorial Rossby waves [Döös, 1999] . After about 2 months the Rossby waves reach the western boundary of the North Atlantic and they are transformed at the coast of South America into equatorial Kelvin waves, which propagate within nearly one month across the Atlantic Ocean. Tropical instability waves in the Atlantic exist on both sides of the equator and are generated not only in the summer but from May to January [Jochum et al., 2004] . They are generated by barotropic instability of the shear between the equatorial undercurrent and the northern South Equatorial Current. Foltz et al. [2004] estimated a westward translation for tropical instability waves of 0 -40 cm/s with a mean of 22 cm/s.
[19] Schott et al. [2004] presented the Ekman-pumping velocity (w ek ; negative is downward) field for the annual mean winds in the Atlantic. In the eastern subtropicaltropical North Atlantic there is an area of positive w ek . The area integral of positive w ek results in an estimate of 4.4 Sv for off-equatorial upwelling in the Guinea Dome and offshore of Northwest Africa [Schott et al., 2004] .
Currents and the Guinea Dome
[20] Several zonal currents dominate the flow field of the tropical Atlantic. In the tropical North Atlantic the NECC is known to show a strong seasonal cycle. The NECC shows maximum velocities in August, when the ITCZ is located at the northernmost position, while the NECC is weak in northern spring.
[21] The wind driven subtropical gyre dominates the flow field in the southeastern subtropical North Atlantic in the upper 800 m. In the eastern Atlantic east of 35°W, the southward flow is organized in three current bands, the first close to the eastern flank of the Mid-Atlantic Ridge, the second in the central Canary Basin and the third close to the eastern boundary off Africa [Stramma, 1984] . The currents at the eastern side are called Canary Current around the Canary Islands and than become the North Equatorial Current when turning southwestward leaving the African continent. Stramma and Siedler [1988] investigated the seasonal variation of the flow field in the eastern subtropical gyre. While there were no significant changes in the magnitude of volume transport, the eastern part of the gyre has a larger east-west and smaller north-south extension in summer compared with the winter season.
[22] According to ventilation models [e.g., Luyten and Stommel, 1986] , a shadow zone lies to the south and southeast of the subtropical gyre and is not ventilated from the north. The thermocline circulation in the North Atlantic shadow zone is governed by cyclonic circulation related to an upward displacement of isotherms called the Guinea Dome. The Guinea Dome is a permanent, quasi-stationary feature on the eastern side of the thermal ridge between the NEC and the NECC. The dome is part of the large-scale near-surface flow fields associated with the NEC, the NECC and the NEUC. Siedler et al. [1992] showed that the Guinea Dome exists throughout the year both in subthermocline and thermocline layers that it has a corresponding cyclonic geostrophic flow, and that seasonal changes occur.
[23] The summer and winter mean distributions give upward displacements of the thermocline and pycnocline of typically 30 to 80 m over horizontal scales of 700 to 1000 km in the upper 350 m of the ocean [Siedler et al., 1992] . The related geostrophic flow is cyclonic, with the rotational axis shifting to the southwest with increasing depth. The upper thermocline center of the dome was found at about 9°N, 25°W, in summer and 10.5°N, 22°W, in winter ( Figure 1 ). These positions are not well defined because of a double-cell structure apparent in the data in summer [Siedler et al., 1992] . In winter the displacement of isotherms is strongly reduced in the uppermost part of the thermocline, but the displacement magnitude changes little in the thermocline below. The currents at 50 m depth are typically 5 -10 cm/s, with the weaker flow occurring in winter.
Water Masses
[24] The water mass distribution in the eastern basins of the North Atlantic had been described by Tsuchiya et al. [1992] presenting a meridional hydrographic section located between 25°and 29°W occupied in July -August 1988 by R/V Oceanus. Here, we will summarize the water masses of the upper ocean using the meridional R/V Oceanus section from 0 to 28°N in the upper 1000 m (Figure 2a) as well as from a repetition of this section by R/V Ron Brown in July/ August 2003 (Figure 2b ).
Surface Layer
[25] In the tropics the surface mixed layer is called Tropical Surface Water (TSW). A shallow salinity maximum exists just below the surface mixed layer in the tropics. This is the Salinity Maximum Water (SMW), which has been also called Subtropical Underwater. It has its origin in the central subtropical gyre (Figure 2a ). The saline cores are drifting southwestward with the NEC. The SMW formation rate in the North Atlantic was estimated to be 2 Sv [O'Connor et al., 2005] . In the domain of this highsalinity water, the oxygen field exhibits a well defined vertical maximum at 30-100 m, with the water above it being supersaturated in summer [Tsuchiya et al., 1992] .
[26] Another high-salinity tongue forms at the sea surface near the northern boundary of the NECC. This tongue (Figure 2a ) extends equatorwards to 2°N along s q $ 24.5 kg/m 3 [Tsuchiya et al., 1992] . The high-salinity core between 9°N and 2°N is overlaid by low-salinity equatorial surface water associated with high precipitation at these latitudes. No salinity values as high as in the salinity core are found at the sea surface just to the north where the tongue originates. This shows that the high-salinity water contains a significant amount of South Atlantic water that crosses the equator north of Brazil and then feeds the NECC [Tsuchiya et al., 1992] . In the sharp thermocline underneath the TSW, the temperature drops from 25°C to 15°C over something like 50 m [Csanady, 1987] . The isopycnal s q = 25.8 kg/m 3 [Stramma et al., 2005] is used here as lower boundary of TSW.
Central Water
[27] The central water masses of the North and the South Atlantic are characterized by a nearly linear T-S relationship and are located between the isopycnals s q = 25.8 kg/m 3 and s q = 27.1 kg/m 3 . The Central Water of the North Atlantic is separated into Eastern North Atlantic Central Water (ENACW) and Western North Atlantic Central Water [Emery and Meincke, 1986] . In the region investigated here there is almost exclusively ENACW and we will refer simply to NACW in the following.
[28] The South Atlantic Central Water (SACW) found in the tropical regions contains to a large amount Indian Central Water transferred into the Atlantic Ocean. The NEUC at 4 -5°N is associated with an isolated subthermocline high-oxygen core (Figure 2b) , consistent with the transport of high-oxygen water from the west. The nutrient fields show only weak minima in the NEUC core [Tsuchiya et al., 1992] .
[29] The Cape Verde Frontal Zone (CVFZ) corresponds to the boundary between the NACW and the SACW. The CVFZ is located at about 20°N off Africa oriented southwestward to about 16°N in the central tropical Atlantic. The front is associated with a convergence at the coast between the Canary Current conveying NACW southward and a northward flow of SACW [Arhan et al., 1994] .
[30] With SACW and NACW occupying the same density range, the front is density-compensated and results in a multitude of intrusions, filaments and lenses [Tomczak and Godfrey, 1994] . The NACW is warmer and more saline (Figure 2a ) compared to the SACW. Both central water masses appear in the permanent pycnocline between depths of 150 m and 600 m at temperatures greater than about 8°C. The CVFZ acts as a barrier between the well-ventilated inner part of the subtropical gyre of the North Atlantic and the shadow zone with its low oxygen content [Zenk et al., 1991] , visible in the oxygen distribution of Figures 2b and 3b. 
Antarctic Intermediate Water
[31] The Antarctic Intermediate Water (AAIW) is carried with the subtropical gyre of the South Atlantic towards the tropics. Off Brazil, AAIW is carried into the northern hemisphere and spreads out into the western as well as eastern basins of the North Atlantic. The AAIW is easily identified by low salinities with a salinity minimum at 600 to 900 m depth (Figure 2a ).
[32] From the equator northward, salinity and s q increase in the AAIW. Oxygen decreases northward to a minimum at 10-19°N [Tsuchiya et al., 1992] . The oxygen distribution is heavily influenced by water from the well-known lowoxygen domain in the eastern equatorial North Atlantic and does not show any vertical extreme in the AAIW south of 20°N. In July -August 1988 there was a weak oxygen minimum between 22 and 28°N ( Figure 2a) ; its continuity was interrupted by Mediterranean Eddies (Meddies) located at 25°N and 27°N. Oxygen, as well as temperature and salinity, increased to the north in the weak minimum, suggesting that it was not a simple northward extension of the stronger AAIW encountered farther south [Tsuchiya et al., 1992] .
Results
[33] Recent ship observations will be used to describe the large scale circulation and water mass distribution in the tropical eastern North Atlantic. Some additional information on the circulation will be derived from satellite data like the altimeter derived sea surface height (Figure 3a) . Numerical simulations for the region investigated here from the 1/12°F LAME-model are presented (Figures 4a and 4b ) to show the modeled velocity distribution and salinity field for November on the isopycnal surfaces s q = 25.0 and 26.7 kg/m 3 . Hence, these two model distributions represent the density layers of the Salinity Maximum Water and the central waters.
Tropical Currents
[34] The currents in the tropical central and eastern North Atlantic near the surface form the cyclonic tropical gyre made up by the NEC in the north, the NECC to the south, connected by northward flow off Africa in the Guinea Dome. The large seasonal variability in the NECC is visible in the high sea surface height in November 2002 in the region at about 5°N west of 16°W (Figure 3a) . In the 1/12°-model monthly mean simulation for November (Figures 4a  and 4b ) the tropical gyre is not represented by dominant continuous current bands. It is governed instead by short term variability similar to what is seen in the variability of the sea surface height (Figure 3a) . However, the annual mean 1/12°-FLAME velocity distribution on the isopycnal s q = 25.0 kg/m 3 ( Figure 5 ) reveals that the tropical gyre exists in the mean.
[35] The ADCP section at about 24°W between the equator and 11°N in October/November 2002 is compared to the 1/12°-FLAME model for November in Figure 6 . The direct transport estimates from this section for the layers surface to s q = 25.8 kg/m 3 and s q = 25.8 to 27.1 kg/m 3 are shown in Figure 7 . According to Richardson and Reverdin [1987] the NECC in fall is located between 4°and 10°N. In October/November 2002 the NECC was split in 2 current bands, the NECC at 3 to 5°30 0 N as southern one and the northern NECC (nNECC) at 6 to 10°30 0 N ( Figure 6 ). The southern band is mainly restricted to the upper ocean layer with a transport of about 5 Sv between 3°N and 5°30 0 N above s q = 25.8 kg/m 3 (Figure 7 ). Between 7°N and 0 N the eastward transport is 4.5 Sv (Figure 7 ). In total the NECC transport above s q = 27.1 kg/m 3 sums up to 11.5 Sv in October/November 2002. This is in good agreement to the estimate of Fonseca et al. [2004] , who described for the region west of 30°W an annual cycle of the NECC with a maximum transport of 12 Sv occurring in November.
[36] The November mean 1/12°-FLAME model velocity at 24°W (Figure 6b ) shows current bands similar to the observations. However, the NECC is shifted a bit to the north and at depth below 100 m the model velocities are generally smaller than the direct observations. The model distribution on the isopycnal 25.0 kg/m 3 ( Figure 4a ) indicates a continuation of the NECC to 16°W where part of the water turns north. Some water spreads eastward into the Gulf of Guinea and contributes to the Guinea Current. Richardson and Reverdin [1987] , who used buoys to investigate the Guinea Current, found that during fall and spring the buoy trajectories showed a direct connection between the NECC and the Guinea Current. Also the annual mean 1/12°-FLAME model velocity distribution on s q = 25.0 kg/m 3 ( Figure 5 ) shows the eastward flow component towards the Guinea Current. Hence, either the eastward continuation exists the entire year or the transport during the times of eastward flow is so strong that it dominates in the annual mean.
[37] In the 1/12°-FLAME model November velocity at 24°W (Figure 6b ) there is the westward flowing northern band of the South Equatorial Current (nSEC). It is located to the south of the NECC and to the north of the Equatorial Undercurrent (EUC) which has its core at the equator. In the observations in October/November 2002 the nSEC trans- Figure 3a ) the strong nSEC is caused by enhanced SSH located just at the 24°W section. In the annual mean ( Figure 5 ) the nSEC is present as a continuous current band across the entire region shown with westward (white background) flow direction.
[38] Located at 3°-5°N at subsurface depth and connected sometimes in northern fall to the NECC is the North Equatorial Undercurrent (NEUC) in the depth range 100 to 300 m. In October/November 2002 there was only a weak NEUC signature in the observations (Figure 6a ). It is similar weak in the November 1/12°FLAME-model results, although a current core not resolved in Figure 6b exists. In the July/August 2003 observations and the July 1/12°-FLAME model (Figure 8 ) there is the clear signature of the NEUC at 3 to 5°N. The NEUC and NECC in July/ August 2003 are connected to the higher oxygen content in the upper 300 to 400 m between 4 and 6°N (Figure 2b) . Bourles et al. [2002] described that the NEUC shifts northward from 4°N at 35°W to 5°30 0 N at 23°W in July to August 1999. Also APEX floats at 200 m depth [Schott et al., 2002, Figure 3b ] located in the NEUC clearly shift from south of 5°N west of 35°W to north of 5°N on its way eastward. In the observations in October/November 2002, as well as in the model simulation ( Figure 6 ) there is a current band at 5 to 6°N, and this current band might be viewed as a part of the NEUC. As the model floats show a clear connection between the NECC/NEUC and the nNECC, probably also the NEUC is shifted northward. However, from a single section it is not possible to distinguish whether this is a continuous current band, and the model results show too much eddy variability to clearly define this current band as being the NEUC. [39] North of the NECC and NEUC there is a second nNECC band. It reaches downward into the AAIW layer and northward to 10°30'N at 24°W and 11°30'N at 27°W, both in the observations as well as in the 1/12°-FLAME model. Urbano et al. [2005] ''rediscovered'' the nNECC at 35°W, after it had been described already from model results in the western tropical Atlantic in 1991 [Schott and Böning, 1991] . In the surface drifter data of Richardson and Reverdin [1987, Figure 11 ] two separate NECC cores between 33°W and 23°W exist for March to May and for July to September. Urbano et al. [2005] described that the two cores of the NECC are in Sverdrup balance, therefore they must be generated by the particular structure of the wind field. Consequently, the two cores are the direct result of the finite width of the Inter-tropical Convergence Zone, which has two curvature maxima of the zonal wind stress. No corresponding two core NECC has been found in the Pacific [Urbano et al., 2005] . [40] The hydrographic section of the July/August 2003 cruise shows high oxygen regions at 9 to 11°N (Figure 2b) , well related to the eastward flowing nNECC shown in Figure 8a . A similar high oxygen region south of 10°N had been observed in the August 1988 oxygen distribution [Tsuchiya et al., 1992] . Therefore, the nNECC at about 8 to 10°N seems to be a permanent current band. Although the observational evidence is sparse the annual mean velocity distribution at 24°W from the 1/12°-FLAME model ( Figure 9) shows both current bands, hence in the mean both NECC bands exist.
[41] Backward integration in the FLAME model from water parcels reaching the Guinea Dome provides information on the splitting of the NECC (Figure 10) . Most of the model floats shift from the NEUC into the southern subsurface part of the nNECC with some westward detour between 22°W and 32°W. Test runs with model floats from monthly mean model fields showed that the nNECC exists the entire year, although with varying transports. A check of the annual cycle at different sections and depths confirmed this too. Hence, it seems meaningful to derive the backward trajectories from the yearly average circulation. The monthly test runs showed enhanced northward shift during boreal summer months. Therefore, tropical instability waves might be an important mechanism in the transfer from the NECC/NEUC to the nNECC. The more northern floats ( Figure 10) show a continuous nNECC flow from the western Atlantic. Near the western boundary the northern NECC is formed and overlaid by NBC retroflection rings. The northward shift of the ITCZ in boreal summer favours an increased eastward current during June to October.
[42] A profiling APEX float was deployed in April 2000 at the equator at 35°W and drifted at 200 m depth (Figure 3b ). After its deployment at the equator it was first advected northwestward with the EIC and the SEC. At 40°W and 2°N it suddenly turned northward and at 4°N the float was introduced into the NEUC and moved eastward [Stramma et al., 2003, Figure 9a This eddy moved slowly westward in time. On 13 September 2000 the center was located at 7°N 27°W and on 7 March 2001 the center was located at 7°N, 33°W. The westward spreading of six degrees in six months is too slow that it is a Rossby wave or a tropical instability wave.
[43] The model simulation shows higher salinity at 8°to 10°N then in the surrounding regions on the isopycnal s q = 25.0 kg/m 3 ( Figure 4a ) and lower salinity on the isopycnal s q = 26.7 kg/m 3 (Figure 4b ). The model results for the western basin [Stramma et al., 2005, Figures 9a and 9b] show that for both isopycnals the flow at 8°to 10°N is composed of water from the southern hemisphere. There is, however, a contribution from the northern hemisphere while the NECC and NEUC are carrying mainly water masses from the southern hemisphere. Hence, the NEUC and NECC as well as the nNECC at about 8 to 10°N are major oxygen sources for the low-oxygen regions in the central water layer in the northeastern tropical Atlantic.
[44] At the equator below the EUC observations always show a westward flow in the AAIW layer, called the Equatorial Intermediate Current (EIC). For November both the observations as well as the model clearly show the EIC at 24°W (Figure 6 ). At 27°W in July the current observations do not reach to the AAIW layer depth and the model does not show the EIC (Figure 8) . The EIC is known to change its vertical and horizontal extent [Schott et al., 1998 ]. Numerical models show Rossby beams generated by the reflection of Kelvin beams at the eastern boundary causing seasonality in the depth range of the EIC [Brandt and Eden, 2005] . Therefore, the EIC is present in the model sections from about October through June. Nevertheless, in the annual mean 1/12°-model distribution (Figure 9 ), the signature of the EIC is present.
[45] North of the EIC the Northern Intermediate Countercurrent (NICC) should be located between at 400 to 1000 m depth and 1°N to 3°N [Schott et al., 1995] . In the observations in October/November 2002 the NICC is strong and reaches 20 cm/s at 500 to 700 m depth (Figure 6 ). The NICC reaches even up into the central water layer and is connected to the EUC and the NEUC. The oxygen distribution at about 27°W shows much higher oxygen values below 300 m depth at 1 to 3°N (Figure 2b ). Hence the NICC acts as a source of oxygen rich water for the tropical low oxygen zone in the AAIW layer.
Guinea Dome
[46] North of 10°30 0 N at 24°W observations as well as model results show the southernmost component of the westward flow of the Guinea Dome (Figure 6 ). The section along 10-11°N in October/November 2002 can be used to investigate the meridional flow components of the Guinea Dome. In the surface layer northward flow was observed east of 24°W (Figure 11a ) of about 2.8 Sv (Figure 12 ). The isopycnal s q = 25.8 kg/m 3 shows only a weak doming with the shallowest depth of about 45 m at 23°to 24°W (Figure 11a) . Two other isopycnals (s q = 26.5 and 26.9 kg/m 3 in Figure 11a ) show the doming related to the northward and southward flow components somewhat Figure 11a to show the doming. The northward and southward flow regions of the Guinea Dome (GD) are marked in the figure. better. This doming is related to the reversal in flow direction in the upper layer. Siedler et al. [1992] described that thermal doming can be seen below 50 m depth, therefore the isopycnal s q = 25.8 kg/m 3 is too shallow to resolve a large doming signal. In the layer s q = 25.8 to 27.1 kg/m 3 the northward transport is restricted to the region east of 20°W with a transport of 4 Sv. When compared to the 24°W transport, it seems that the northern NECC current band almost completely turns north in the Guinea Dome, while the shallow southern NECC current band in October/ November 2002 continues eastward. Between 30°W and 24°W most of the northward transport is compensated by southward flow, hence these are the meridional components of Guinea Dome. The 1/12°-FLAME model, however, shows only a weak signature of the Guinea Dome (Figures 4a, 4b, and 11b ). In the 11°N FLAME-model section for November a set of reversing north-and southward flows dominate the velocity distribution (Figure 11b) .
[47] The profiling APEX float at 200 m depth described already for its eastward path in the NECC made its way into the Guinea Dome (Figure 3b Figure 3b ), the float was still cycling and turned westward and approached the Cape Verde Islands. This APEX float shows the northward shift of southern water masses crossing the equator, and demonstrated also the possible exchange in-between different current bands as well as the ability to leave the Guinea Dome northward. As can be seen from Figure 3b , the climatological mean dissolved oxygen value at the location of the float decreased with time except for the northern excursion during 2004. The float stayed for more than 3 years in the oxygen minimum zone and demonstrates that there is no large water exchange in this region.
[48] Backward integration in the FLAME model from water parcels reaching the Guinea Dome provides information on the origin of the water in the Guinea Dome (Figure 10 ). Model floats reaching the Guinea Dome at 13°N between 20°W and 24°W were all originating from the nNECC with a transfer at 22°to 32°W from the NEUC. The floats which were integrated backward from 24°to 25°W can be traced back into the nNECC in the western tropical Atlantic. The depth of the float tracks (Figure 10 ) demonstrates the upward shift of the isopycnals in the Guinea Dome region. The model floats at 50 to 150 m depth at 13°N had been as deep as 310 m in the NECC.
[49] As not many sections are available it seems worthwhile to investigate whether there is still a signature of the Guinea Dome on a section south of the dome. The ADCPsection from R/V L'Atalante in February/March 1993 (from the joint archive for shipboard ADCP, Hawaii; status July 2004) crossed the Guinea Dome to the south of the center at 7.5°N. Also in this section ( Figure 13a ) the banded structure is visible with southward components between 29°W and 20°W in the surface layer and 29°W to 23°W in the subsurface layer. The transports (Figure 13b ) are weaker than in October/November 2002. In the surface layer above s q = 25.8 kg/m 3 the northward transport between 20°W and 18°W is only 1 Sv and in the layer s q = 25.8 kg/m 3 to 450 m or s q = 27.1 kg/m 3 when this isopycnal is less than 450 m deep is about 2.5 Sv between 23°W and 19°W. The weaker transports compared to October/November 2002 is due to the more southern location of the L'Atalante section. The nNECC current band at 8°to 10°N in not incorporated in the 7.5°N transport measurements. Furthermore, the 1993-section is a quite old ADCP-section and navigation as well as calibration might have been not so good as today. Therefore, this section has to be regarded with caution. Nevertheless, also the L'Atalante ADCP-section in February/March 1993 shows the weak signature of the Guinea Dome and the banded structure of the flow field.
Southeastern Subtropical Gyre
[50] The 1/12°-model simulation shows the outcropping of the isopycnal s q = 25.0 kg/m 3 at about 22°to 24°N (Figure 4a ). The saline water forms the saline Salinity Maximum Water and is carried southwestward with the NEC. An eastward return of the saline water is observed in the nNECC at about 8°N and somewhat weaker in the NECC at about 4°N (Figure 4a) .
[51] The section at about 27°W in July/August 2003 as well as the July 1/12°-FLAME model (Figure 8) show that the NEC is organized in several current bands but not in a well organized main current band. The southern band is shallow and located at 16°N to 22°N in the observations and 14°N to 20°N in the model (Figure 8 ). The transports in this southern band is only about 2 Sv above s q = 25.8 kg/m 3 and 3.5 Sv between s q = 25.8 kg/m 3 and 300 m depth. The northern band is located north of 22°N and reaches to depth of more than 100 m with velocities exceeding 10 cm/s. The altimeter data (Figure 3a) as well as the model results (Figure 4) corroborate that the NEC current bands are disturbed by eddy-like features. A possible reason is, that the eastern boundary current is unstable [Siedler and Onken, 1996] , resulting in a meandering jet surrounded by persistent eddies. In an investigation on subduction in the eastern North Atlantic Weller et al. [2004] described from in-situ data that eddy variability has a large influence. These eddies are a potential source of water exchange between the subtropical and the tropical gyre. The strong gradients in salinity as well as in oxygen (Figure 2 ) indicate that in general the exchange at the CVFZ is weak and that the inflow mainly takes place further south by the eastward currents.
Conclusion
[52] Here recent current measurements and hydrographic observations were combined with earlier results and compared with numerical simulations to better understand the upper ocean circulation and water mass distribution in the eastern tropical Atlantic. Although several components of the flow field are known, there still exist a lot of basic questions, with regard to the variability of the circulation and its influence on climate change observations.
[53] An eastward nNECC band exists in our observations as well as in the annual mean 1/12°-FLAME model velocity distribution at 8 to 10°N. This second NECC band had been described already in the western tropical Atlantic from modelling as well as observational studies [Schott and Böning, 1991; Urbano et al., 2005; Richardson and Reverdin, 1987] . Model float data show that in the region 22°to 32°W there is strong exchange between the NECC/ NECC and the nNECC, even with a westward detour on its way north. The model velocity on the isopycnal s q = 25.0 kg/m 3 ( Figure 4a ) shows a flow from the NECC to the nNECC with a westward detour at 28°to 32°W. A real float at 200 m depth also showed the northward transition at 28°W, although with only a weak westward shift. The northward shift of the float in November 2000 was connected to an eddy-like SSHA feature. This feature was moving slowly westward, however too slow to be a Rossby wave or a tropical instability wave. The model floats in monthly mean model velocity fields showed enhanced northward shift during boreal summer months. Therefore, tropical instability waves (TIW) might play an important role in the transfer from the NECC/NEUC to the nNECC. As TIW's are spreading westward with a mean velocity of about 22 cm/s [Foltz et al., 2004] , the larger westward detour in the model floats (Figure 10 ) compared to the path of the one real float might be connected to the fast westward spreading of the TIW's.
[54] The velocity observations in October/November 2002 show a weak signature of the Guinea Dome. The monthly mean 1/12°-FLAME model results show even smaller velocities than the direct observations. This is due to the large variability as observed, e.g., in the altimeter observations (Figure 3a) . This variability leads to smaller velocities in the monthly mean modeled distributions compared to direct observations. Despite the existing variability, transport estimates for the Guinea Dome from the direct observations are possible; in November 2002 the Guinea Dome transport from direct observations was about 2.8 Sv above s q = 25.8 kg/m 3 and 4 Sv between s q = 25.8 and 27.1 kg/m 3 . In February/March 1993 northward transport near Africa was weaker than in November 2002. However, this section crossed the Guinea Dome south of its center and missed the contribution from the nNECC. Very little is known about the off-coastal upwelling regimes as in the Guinea Dome. The upwelling in the western Guinea Dome region as described by Schott et al. [2004] is reflected in the uplift of the isopycnals in the water mass distribution especially at 100 to 200 m depth (s q = 26.7 kg/m 3 in Figure 2b ).
[55] The mean flow regimes of the NEC as region of subduction, the Guinea Dome as upwelling region as well as the nSEC, the NECC and the nNECC at 8°to 10°N as well as its interaction are shown in Figure 14 . These current bands can all be recognized in the observations; however, as indicated in the satellite data as well as in the model simulation the flow field is strongly influenced by eddylike features. These eddy-like features will influence the measurement along single sections. This can be seen from the current vectors observed in October/November 2002 overlaid on the sea surface height (Figure 3a) . The 1/12°-FLAME model reproduces all the major current bands, although at depth the model velocities are lower than the observations. A float at 200 m depth was carried by the NECC eastward and was trapped in the Guinea Dome region for more than 3 years. This nicely demonstrates that there is no large water exchange in this region.
[56] The tropical-subtropical eastern North Atlantic has low oxygen layers (Figure 3b ) in the central water as well as the AAIW layer south of the CVFZ. As the water south of the CVFZ shows characteristics of waters from southern hemispheric South Atlantic Central Water and AAIW, the supply of oxygen is accomplished mainly by current bands transporting southern water masses. The largest oxygen minimum is located at the boundary between the central water and the AAIW. At the locations of the NEUC and the NECC relative high oxygen values are observed in the hydrographic measurements. Consequently, the NEUC and the NECC are major sources of oxygen richer water for the low-oxygen regions in the central water layer of the northeastern tropical Atlantic. The nNECC is made up with saline ( Figure 4a ) and oxygen rich (Figure 2b ) water from the southern hemisphere but with an admixture from the northern hemisphere. The nNECC also carries oxygen rich water to the low oxygen layer of the central water. Hence, the nNECC is responsible to supplement also water from northern hemispheric water masses into the Guinea Dome region. In the Antarctic Intermediate Water layer the Northern Intermediate Countercurrent acts as oxygen source for the oxygen minimum zone between 5 and 20°N.
[57] Compared to the eastern tropical Pacific the eastern Atlantic is more oxygenated in the minimum zone. One reason might be the inflow of oxygen rich water from the west in the NEUC, the nNECC at 8°to 10°N and the NICC. The corresponding current bands in the Pacific have to travel much longer distances and might contribute less oxygen to the oxygen minimum zones. Other processes like upwelling and biogeochemical processes [e.g., Oudot, 1989 ] might be of importance, too. Therefore, a large multidisciplinary research initiative is proposed at the Leibniz Institute of Marine Sciences in Kiel to investigate all possible contributions to maintain the oxygen minimum zones and will hopefully add new insight into the mechanisms of the low oxygen layers in the eastern tropical oceans. 
